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Abstract: We study future prospects of the stau which contributes to the Higgs coupling
to di-photon. The coupling is sensitive to new physics and planned to be measured at
percent levels in future colliders. We show that, if the excess of the coupling is measured
to be larger than 4%, the lightest stau is predicted to be lighter than about 200GeV
by taking vacuum meta-stability conditions into account. Such a stau can be discovered
at ILC. Moreover, we show how accurately the stau contribution to the coupling can be
reconstructed from the information that is available at ILC. We also argue that, if the stau
mixing angle is measured, the mass of the heaviest stau can be predicted by measuring the
Higgs coupling, even when the heaviest stau is not yet discovered at the early stage of ILC.
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1 Introduction
The electroweak oblique corrections, which are self-energies of the electroweak vector
bosons, are sensitive to new physics. Similarly, loop-induced Higgs couplings, i.e., the
Higgs boson coupling to di-photon, di-gluon or Zγ, constrain the new physics, and they
are called the Higgs oblique corrections [1]. In the Standard Model (SM), these couplings
are prevented by the gauge symmetry at the tree level and induced at radiative levels.
Therefore, the new physics may be probed indirectly by measuring the loop-induced Higgs
couplings in future.
Particularly, the Higgs coupling to di-photon is important. In the SM, it is dominated
by one-loop contributions of the electroweak vector bosons and the top quark. If new
physics contains charged particles that couple to the Higgs boson, they contribute to the
Higgs coupling to di-photon at radiative levels. Hence, the Higgs coupling is sensitive to
the new physics contributions. If such new particles exist, it is expected that deviations
from the SM prediction are observed.
In this letter, we parametrize the deviation of the 126GeV Higgs boson coupling from
the SM prediction as
κA =
ghAA
ghAA(SM)
= 1 + δκA, (1.1)
where ghAA is the Higgs coupling to the AA¯ particles, and the new physics contribution is
represented by δκA. At present, the Higgs coupling to di-photon, κγ , has been measured
with the uncertainty of 15% (1σ) at ATLAS [2] and 25% at CMS [3]. The results are
consistent with the SM prediction, though they are not yet precise enough to probe new
particle contributions. In future, LHC will accumulate the luminosity L ∼ 300 fb−1 at√
s = 14TeV, and further upgrade is proposed for ∼ 3000 fb−1 at High-Luminosity LHC
(HL-LHC). The accuracies of κγ are, then, expected to be about 7% and 5% at 300 fb
−1
and 3000 fb−1, respectively [4, 5]. Since the errors are dominated by systematic uncertain-
ties, the accuracies could be improved by reducing them. It is recently argued that the
sensitivity can be improved well, once the international e+e− linear colliders (ILC) will be
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constructed [6]. At LHC, the ratio of the branching fractions of h → γγ and h → ZZ∗
will be measured very precisely. At ILC, the Higgs couplings, including κZ but κγ , can
be measured at (sub) percent levels [7]. The joint analysis of HL-LHC and ILC enables
us to realize the accuracy of κγ of about 2% [6]. Here, it is assumed that the uncertainty
of Br(h → γγ)/Br(h → ZZ∗) is 3.6% from HL-LHC, and ILC runs at √s = 250GeV and
L = 250 fb−1. The direct measurement of κγ at ILC is not so precise that of LHC, be-
cause the luminosity is limited. If more luminosity is accumulated, e.g., L = 2500 fb−1 at√
s = 1TeV, the accuracy of the direct measurement of κγ can become 1.9% at ILC [6, 7],
and the accuracy of the joint analysis of HL-LHC and ILC can be better than 1% [6].
They are very precise, and it is expected that new charged particles could be probed by
measuring κγ .
In this letter, let us consider a situation that an excess of κγ is measured in HL-LHC
and ILC. Then, it is important to reveal which particle is responsible for the anomalous
excess. A lot of models that affect κγ have been proposed. Among them, a scalar partner
of the tau lepton (stau) in supersymmetry (SUSY) models is one of the most motivated
candidates. The Higgs coupling to di-photon is enhanced when the staus are light and
when the mixing of left-handed and right-handed staus is large [8–10]. Since such staus are
characteristic, they may be discovered and investigated in future colliders. In this letter,
we study properties of staus that are responsible for the κγ excess. In particular, it will be
shown that, by taking the vacuum meta-stability condition into account, the lightest stau
is predicted to be discovered at ILC, if the deviation of κγ is large enough to be detected.
Therefore, we will discuss that the stau contribution to κγ can be probed at ILC.
Once the stau is discovered at ILC, its properties as well as the mass will be determined
precisely [11]. It may be possible to investigate whether the properties are consistent with
the contribution to κγ . If the heaviest stau as well as the lightest one is discovered, the
stau contribution can be reconstructed directly by using the information which is available
from the measurements. We will show that the contribution can be reconstructed precisely
at ILC. Since the uncertainty is comparable to or less than that of the measured κγ , it is
possible to test whether the excess of κγ originates in the stau contribution. In addition,
we will discuss that the mass of the heaviest stau can be predicted by measuring the excess
of κγ and the stau mixing angle, even if the heaviest stau is not yet discovered at the early
stage of ILC. This prediction could be tested in the next stage of ILC.
This letter is organized as follows. In section 2, we will briefly review the stau contri-
bution to κγ and the vacuum meta-stability condition. In section 3, the stau mass regions
to deviate κγ will be studied. In section 4, stau properties will be investigated. The last
section is devoted to the conclusion.
2 Stau contributions
In this section, we briefly review the stau contribution to κγ and the vacuum meta-stability
condition. The stau contribution becomes sizable when the stau is light and when the left-
right mixing parameter of the left-handed and right-handed staus is large [8–10]. Since too
large left-right mixing parameter spoils the stability of our ordinary vacuum, the parameter
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is limited [12, 13]. Thus, the stau contribution to κγ is constrained by the vacuum meta-
stability condition [10, 14–16].
Let us first specify the framework. We consider the setup that only the staus and the
Bino are light among the SUSY particles, while the other SUSY particles are heavy. The
Bino is introduced as the lightest SUSY particle. This avoids cosmological difficulties of
stable heavy charged particles. Also, the setup is consistent with the recent LHC results.
The Higgs boson mass of 126GeV favors heavy scalar top quarks (stops). Absent signals
in direct SUSY searches restrict colored SUSY particles to being heavier than ∼ 1TeV. In
this letter, the stau contribution to κγ and the stau properties will be studied. The above
assumption is minimal for this purpose. Contributions from the other SUSY particles will
be discussed later.
Staus are characterized by the mass eigenvalues and the left-right mixing angle as
follows
mτ˜1 , mτ˜2 , θτ˜ . (2.1)
In addition, some of the stau couplings depend on tanβ, which is a ratio of the vacuum
expectation values (VEVs) of the up-type and down-type Higgs fields. These parameters
are related to the SUSY model parameters through the mass matrix,
M2τ˜ =
(
m2τ˜LL m
2
τ˜LR
m2τ˜LR m
2
τ˜RR
)
, (2.2)
where m2τ˜LL,RR = m˜
2
τ˜L,R + m
2
τ + Dτ˜L,R with soft SUSY-breaking parameters, m˜
2
τ˜L and
m˜2τ˜R, and D-terms, Dτ˜ = m
2
Z cos 2β(I
3
τ − Qτ sin2 θW ). The left-right mixing parameter is
m2τ˜LR = mτ (Aτ −µH tanβ), where Aτ and µH are the scalar tau trilinear coupling and the
Higgsino mass parameter, respectively. The mass matrix is diagonalized as Uτ˜M2τ˜U †τ˜ =
diag(m2τ˜1 ,m
2
τ˜2
) by the unitary matrix,
Uτ˜ =
(
cos θτ˜ sin θτ˜
− sin θτ˜ cos θτ˜
)
. (2.3)
Here, mτ˜1 < mτ˜2 is chosen. It is found that m
2
τ˜LR satisfies a relation,
m2τ˜LR =
1
2
(m2τ˜1 −m2τ˜2) sin 2θτ˜ . (2.4)
On the other hand, the Bino almost composes the lightest neutralino, whose mass is written
as mχ˜0
1
. Although the neutralinos are composed of the Wino and the Higgsinos as well as
the Bino, the Wino is supposed to be decoupled, and the Higgsinos are heavy in order to
deviate κγ sizably (see below). In this letter, CP-violating phases are neglected.
The Higgs coupling to di-photon is composed of the contributions from the SM particles
and the staus. Theoretically, κγ is represented as
κγ =
|Mγγ(SM) +Mγγ(τ˜)|
|Mγγ(SM)| , (2.5)
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whereMγγ is related to the Higgs decay rate as
Γ(h→ γγ) = α
2m3h
1024pi3
|Mγγ |2 . (2.6)
The right-hand side in eq. (2.5) is dominated by the one-loop contributions. The stau
contribution is given by [17, 18]
Mγγ(τ˜) =
∑
i=1,2
ghτ˜iτ˜i
m2τ˜i
Ah0(xτ˜i). (2.7)
where xi = 4m
2
i /m
2
h. The definition of the loop function A
h
0(x) is given in ref. [17, 18]. In
the decoupling limit of heavy Higgs bosons, the stau-Higgs couplings are approximated as
ghτ˜1τ˜1,hτ˜2τ˜2 =
1
2
(δm2τ˜LL + δm
2
τ˜RR)±
1
2
(δm2τ˜LL − δm2τ˜RR) cos 2θτ˜ ± δm2τ˜LR sin 2θτ˜ , (2.8)
where the coefficients are
δm2τ˜LL,RR =
2
v
(m2τ +Dτ˜L,R), δm
2
τ˜LR =
1
v
m2τ˜LR. (2.9)
Here, v is the SM Higgs VEV, v ≃ 246GeV. It is noticed that the mass scale of δm2τ˜LL
and δm2τ˜RR is set by the EW scale, whereas that of δm
2
τ˜LR is by the SUSY parameter.
On the other hand, the SM contribution is dominated by the one-loop contributions of the
electroweak vector bosons and the top quark as [17, 18]
Mγγ(SM) = ghWW
m2W
Ah1(xW ) +
2ghtt
mt
4
3
Ah
1/2(xt), (2.10)
where the coefficients are ghWW /m
2
W = 2ghtt/mt = 2/v. The definitions of the loop
functions, Ah1(x) and A
h
1/2(x), are given in ref. [17, 18]. From eqs. (2.7) and (2.10), it is
found that κγ is deviated from the SM prediction sizably when m
2
τ˜LR is large. In fact,
δm2τ˜LR is proportional to m
2
τ˜LR, and sin 2θτ˜ becomes sizable when m
2
τ˜LR is large, according
to eq. (2.4). It is also noticed thatMγγ(τ˜) is enhanced when τ˜1 is light. On the contrary,
heavy τ˜2 is favored to enhance it, because the contribution of τ˜2 destructively interferes
with that of τ˜1. Also, once m
2
τ˜LR is given, the stau contribution is insensitive to tanβ.
It is important that m2τ˜LR is limited by the meta-stability condition of the ordinary
vacuum. As noticed in eq. (2.8), large m2τ˜LR increases trilinear couplings of the stau-
Higgs potential and eventually makes the ordinary vacuum unstable. Thus, the mixing
parameter is constrained. The fitting formula of the vacuum meta-stability condition is
known as [19, 20]
∣∣m2τ˜LR∣∣ ≤ η
[
1.01× 102GeV
√
m˜τ˜Lm˜τ˜R + 1.01× 102GeV(m˜τ˜L + 1.03 m˜τ˜R)
− 2.27× 104GeV2 + 2.97× 10
6GeV3
m˜τ˜L + m˜τ˜R
− 1.14× 108GeV4
(
1
m˜2τ˜L
+
0.983
m˜2τ˜R
)]
.
(2.11)
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Figure 1. Contours of δκγ are shown by the green solid lines. The lightest stau mass is 90GeV
(left) and 150GeV (right). Here, tanβ = 20 and Aτ = 0 are chosen. The red regions are excluded
by the vacuum meta-stability condition (2.11). The blue regions are excluded by the chargino search
at LEP.
Here, the Higgs potential is set to reproduce mh = 126GeV. A scale factor, η (≃ 1),
is introduced to take account of a weak dependence on tanβ. This comes from Yukawa
interactions in the quartic terms of the scalar potential. Numerical estimation of η is found
in figure 2 of ref. [19]. For instance, η ≃ 0.90 for tanβ = 20. By combining eqs. (2.5)
and (2.11), the stau properties, in particular the stau masses, are determined.
3 Stau mass region
In this section, we study the stau mass region where the Higgs coupling κγ is deviated
from SM prediction. The stau contribution to the coupling is determined, once the stau
parameters (2.1) are given. They are constrained by the vacuum meta-stability condition.
In figure 1, contours of δκγ = κγ − 1 are shown by the green solid lines for given mτ˜1
as a function of θτ˜ and mτ˜2 . The stau contribution depends on θτ˜ and is maximized when
sin 2θτ˜ is close to unity (θτ˜ ∼ pi/4) for fixed mτ˜1 and mτ˜2 . Also, δκγ is enhanced by larger
mτ˜2 . On the other hand, if τ˜2 is very heavy, the stau contribution to κγ becomes insensitive
to mτ˜2 and controlled by mτ˜1 and θτ˜ .
In figure 1, the red regions are excluded by the vacuum meta-stability condition.
Eq. (2.11) gives an upper bound on m2τ˜LR for given mτ˜1 and mτ˜2 . Then, combined with
eq. (2.4), θτ˜ is constrained as a function ofmτ˜1 andmτ˜2 . Whenmτ˜2 is small, the angle is not
limited by the vacuum meta-stability condition, and δκγ is maximized when sin 2θτ˜ = 1 is
satisfied. It is found that δκγ becomes largest just below the red region with sin 2θτ˜ = 1 in
each panel of figure 1. On the other hand, the vacuum meta-stability condition constrains
the stau mixing angle for large mτ˜2 . The maximal value of δκγ decreases, as mτ˜2 increases.
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When τ˜2 is very heavy, the vacuum meta-stability condition becomes insensitive tomτ˜2 and
determined by mτ˜1 . This is because, in the decoupling limit, τ˜2 does not contribute to the
field configuration of the bounce solution to derive the vacuum meta-stability condition.
Then, the maximal value of δκγ is determined by mτ˜1 .
It is also noticed that the condition (2.11) is asymmetric under the exchange of the
stau chirality, τ˜L ↔ τ˜R. However, the effect is negligibly small. In figure 1, it is found that
the red region in 0 < θτ˜ < pi/4 is almost coincide with that of pi/4 < θτ˜ < pi/2.
In the analysis, tanβ = 20, Aτ = 0 and M2 = 500GeV are chosen, where M2 is
the Wino mass. The stau contribution to κγ and the vacuum meta-stability condition
are almost independent of them, once m2τ˜LR is given. Rather, they are included in the
definition of m2τ˜LR in association with the Higgsino mass parameter µH . For fixed m
2
τ˜LR,
µH becomes smaller, as tanβ increases. When the charginos are light, they can affect the
Higgs coupling [8, 21]. Their contribution to κγ is taken into account for completeness. It
is at most a few percents in the vicinity of the blue region and much less than 1% around
the red region in figure 1. The blue region is already excluded by LEP [22], where the
lightest chargino mass is less than 104GeV.
Let us study the stau mass region. In figure 2, contours of δκγ are shown by the green
solid lines. At each (mτ˜1 ,mτ˜2), δκγ is maximized with satisfying the vacuum meta-stability
condition (2.11). Each contour is composed of the two regions. In the left region of the
peak, where mτ˜2 is small, sin 2θτ˜ = 1 is satisfied. The stau contribution to κγ is enhanced
when mτ˜2 is larger, as explained above. On the other hand, in the right region of the peak,
θτ˜ is limited by the vacuum meta-stability condition. Here, sin 2θτ˜ is less than unity. This
is observed by the blue dashed lines, which are contours of sin 2θτ˜ in figure 2. As already
found in figure 1, κγ is enhanced, when mτ˜2 is smaller.
In the figure, tanβ = 20, Aτ = 0 and M2 = 500GeV are chosen. The results are
almost independent of them except for the region in the vicinity of mτ˜1 = mτ˜2 . When
mτ˜1 is very close to mτ˜2 , the Higgsinos become light, because the stau left-right mixing
parameter tends to be small (see eq.(2.4)). Then, the charginos can contribute to κγ .
Otherwise, their contribution is negligible in figure 2. In the figure, it is also supposed that
the lightest stau is mainly composed of the right-handed component, pi/4 ≤ θτ˜ < pi/2. As
mentioned above, the stau mass region in figure 2 is almost insensitive to this choice.
Currently, the measured values of κγ at LHC are consistent with the SM prediction.
The uncertainties are 15% (ATLAS) [2] and 25% (CMS) [3]. As found in figure 2, they
are not precise enough to probe the stau contribution for mτ˜1 > 100GeV. In future, the
sensitivity will be improved very well, as mentioned in section 1. It is expected that LHC
measures κγ at about 7% and 5% for the luminosities, 300 fb
−1 and 3000 fb−1, respectively
with
√
s = 14TeV [4, 5]. If the measurement of Br(h → γγ)/Br(h → ZZ∗) at HL-LHC
is combined with the measurements of the Higgs couplings at ILC, it was argued that the
uncertainty of κγ can be reduced to be about 2% (1σ) at 250GeV ILC with L = 250 fb−1 [6].
If the luminosity is accumulated up to 2500 fb−1 at 1TeV ILC, it has been estimated that
the accuracy of κγ can be better than 1% [6].
It is noteworthy that, once an excess of κγ is measured, the mass region of staus are
determined from figure 2. From the joint analysis of 250GeV ILC and HL-LHC, δκγ is
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Figure 2. Contours of δκγ are shown by the green solid lines. At each point, δκγ is maximized
under the vacuum meta-stability condition. Here, tanβ = 20, Aτ = 0 and pi/4 ≤ θτ˜ < pi/2 are
taken. The blue dashed lines are contours of sin 2θτ˜ . In the left region of the blue dotted line (the
leftmost blue line), sin 2θτ˜ = 1 is satisfied.
expected to be measured with the uncertainty of 2% at the 1σ level. If δκγ is measured
to be larger than 4%, the upper bound is obtained as mτ˜1 < 200GeV.
1 Such a stau can
be discovered at 500GeV ILC. In fact, the stau is detectable up to 230GeV at ILC with√
s = 500GeV and L = 500 fb−1 [24]. On the other hand, if δκγ is measured to be 2%
(1%), the stau mass is predicted to be less than 290GeV (460GeV). This is within the
kinematical reach of 1TeV ILC. Therefore, if the stau contribution to κγ is large enough
to be measurable, the stau is predicted to be discovered at ILC.2
The above mass bounds weakly depend on tanβ. In the analysis, tanβ = 20 is chosen.
If tanβ increases, the lightest stau can be heavier, because the upper bound on m2τ˜LR from
eq. (2.11) is relaxed. According to ref. [19], η in eq. (2.11) increases as tanβ becomes
larger. For tanβ = 70, η becomes unity, and the lightest stau is limited to be less than
220GeV (340GeV) for δκγ = 4% (2%). Thus, the above conclusion does not change.
Let us mention the case when the the heaviest stau is very heavy. In contrast to τ˜1,
τ˜2 can be decoupled with κγ enhanced and the vacuum meta-stability condition satisfied.
In figure 2, δκγ is insensitive to mτ˜2 and determined by mτ˜1 for very large mτ˜2 . In the
limit,Mγγ(τ˜) is determined only by mτ˜1 and ghτ˜1τ˜1 . The vacuum meta-stability condition
of ghτ˜1τ˜1 is independent of mτ˜2 and approximately proportional to mτ˜1 [23]. Since the loop
function Ah0(xτ˜1) is insensitive to mτ˜1 for mτ˜1 & 100GeV, Mγγ(τ˜) is almost scaled by
1The vacuum meta-stability condition determines the upper bound. If thermal transitions are taken into
account, the constraint could be more severe especially when the stau is light [23].
2Although the stau mass region could also be accessed by LHC, future sensitives of the stau searches
have not been known. In particular, ILC is superior when the stau mass is degenerate with the Bino mass.
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Parameters mτ˜1 mτ˜2 sin θτ˜ mχ˜0
1
δκγ
Values 100GeV 230GeV 0.83 90GeV 3.6%
Table 1. Model parameters at our sample point. In addition, tanβ = 5 and Aτ = 0 are set, though
the results are almost independent of them.
1/mτ˜1 , when the heaviest stau is decoupled. Thus, the excess of κγ is explained by a light
stau. As found in figure 2, the upper bound on mτ˜1 for larger mτ˜2 is more severe than that
for smaller mτ˜2 . Such a light stau can be discovered at ILC.
4 prospects of stau
Once the stau is discovered at ILC, its properties including the mass are determined.
Especially, it is important to measure the stau mixing angle θτ˜ . When sin 2θτ˜ is sizable,
the angle can be measured at ILC [11, 25–27]. As observed in figure 2, it is likely to
be sizable to enhance κγ . In particular, if sin 2θτ˜ is large enough to be measurable, the
heaviest stau is likely to be light. Thus, it may be possible to discover the heaviest stau
and measure its mass at ILC. Then, the stau contribution to κγ can be reconstructed by
using the measured masses and mixing angle. This is a direct test whether the contribution
is the origin of the deviation of κγ . On the other hand, the heaviest stau is not always
discovered at the early stage of ILC, even if the stau mixing angle is measured. If θτ˜ as
well as mτ˜1 is measured, mτ˜2 may be estimated in order to explain the excess of κγ . In
this section, we will study the reconstruction of the stau contribution to κγ . The mass of
the heaviest stau and theoretical uncertainties will also be discussed.
4.1 Reconstruction
If both of τ˜1 and τ˜2 are measured, the stau contribution to κγ can be reconstructed. The
contribution is determined by the parameters in eq. (2.1). In this subsection, we discuss
how and how accurately they are measured at ILC, and consequently the stau contribution
to κγ is reconstructed.
Let us first specify a model point to quantitatively study the accuracies. In table. 1,
the stau masses, the stau mixing angle, and the Bino mass are shown. The point is not
so far away from the SPS1a’ benchmark point [28], where ILC measurements have been
studied (see e.g., ref. [11]). The stau mixing angle is chosen to enhance the Higgs coupling
as δκγ = 3.6%. The staus masses are within the kinematical reach of ILC at
√
s = 500GeV.
The point is consistent with the vacuum meta-stability condition and the current bounds
from LHC and LEP. The most tight bound on the stau mass has been obtained at LEP
as mτ˜1 > 81.9GeV at 95% CL [29]. LHC constraints are still weak [30]. The other SUSY
particles are simply supposed to be heavy. In particular, tanβ = 5 and Aτ = 0 are chosen,
where the Higgsino masses are about 2.2TeV.
In order to reconstruct the stau contribution to κγ , it is required to measure the stau
masses and the mixing angle. At ILC, staus are produced in e+e− collisions and decay
into the tau and the Bino. The stau masses are measured by studying the endpoints of
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the tau jets. In ref. [11], the mass measurement has been studied in detail at SPS1a’. It
is argued that the mass can be measured at the accuracy of about 0.1GeV (6GeV) for τ˜1
(τ˜2). Here,
√
s = 500GeV and L = 500 fb−1 are assumed for ILC. The mass resolution
may be improved by scanning the threshold productions [31, 32]. The accuracy could be
∼ 1GeV for mτ˜2 = 206GeV. Since the model parameters of our sample point are not
identical to those of SPS1a’, the mass resolutions may be different from those estimated
at SPS1a’. For instance, the production cross section of staus becomes different, while the
SUSY background is negligible in our sample point. Profile of the tau jets depends on the
masses of the staus and the Bino. In this letter, instead of analyzing the Monte Carlo
simulation, we simply adopt the mass resolution,3
∆mτ˜1 ∼ 0.1GeV, ∆mτ˜2 ∼ 6GeV. (4.1)
Next, let us discuss the measurement of the stau mixing angle, θτ˜ . Several methods
have been studied for ILC. For instance, the polarization of the tau which is generated at
the stau decay has been studied in ref. [11, 25, 26]. The angle can also be extracted from
the production cross section of a pair of the lightest stau [26]. Note that accuracies of these
angle measurement depend on the model point, i.e., the input value of θτ˜ .
In order to study the accuracy of the stau mixing angle at our sample point, let us
investigate the production cross section of the lightest stau by following the procedure in
ref. [27]. The production cross section is given by [26]
σ(e+e− → τ˜1τ˜1) = 8piα
2
3s
λ
3
2
[
c211
∆2Z
sin4 2θW
(P−+L
2 + P+−R
2)
+
1
16
(P−+ + P+−) + c11
∆Z
2 sin2 2θW
(P−+L+ P+−R)
]
, (4.2)
at the tree level, where the parameters are λ = 1 − 4m2τ˜1/s, ∆Z = s/(s − m2Z), and
c11 = [(L + R) + (L − R) cos 2θτ˜ ]/2 with L = −1/2 + sin2 θW and R = sin2 θW . The
beam polarizations are parameterized as P∓± = (1 ∓ Pe−)(1 ± Pe+). In the bracket, the
first and second terms come from the s-channel exchange of the Z boson and the photon,
respectively. The last term is induced by the interference of them. The dependence on the
stau mixing angle originates in the Z boson contribution.
Since eq. (4.2) is a function of the stau mass and mixing angle, θτ˜ is determined by
measuring the cross section and the stau mass. In figure 3, contours of the uncertainty of the
stau mixing angle, δ sin 2θτ˜/ sin 2θτ˜ , are shown. In the left panel, the angle is determined
from the production cross section of the lightest stau. The accuracy is sensitive to the
input value of sin 2θτ˜ and δσ(τ˜1)/σ(τ˜1), where σ(τ˜1) = σ(e
+e− → τ˜1τ˜1). In contrast, the
uncertainty from the mass resolution of τ˜1 in eq. (4.1) is negligible. The accuracy of sin 2θτ˜
becomes better for larger sin 2θτ˜ . If the stau contributes to κγ sizably, sin 2θτ˜ is likely to
be large, as observed in figure 2. Thus, the mixing angle is expected to be measured well.
3The resolutions estimated in ref. [11] depend on the uncertainty of the measured Bino mass. The Bino
mass can be measured very precisely at ILC by the productions of selectrons or smuons [24], though they
are irrelevant for κγ and the vacuum meta-stability condition.
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Figure 3. Contours of δ sin 2θτ˜/ sin 2θτ˜ determined by the measurement of the production cross
section of a pair of τ˜1 (left) and that of τ˜1 and τ˜2 (right). Uncertainties from the mass resolutions
are not taken into account.
At the sample point, where sin 2θτ˜ = 0.92, δ sin 2θτ˜/ sin 2θτ˜ is estimated to be better than
10%, if the cross section is measured as precisely as δσ(τ˜1)/σ(τ˜1) < 10%. At ILC, it is
argued that the production cross section can be measured at the accuracy of about 3%,
according to the analysis in ref. [11] at SPS1a’. If δσ(τ˜1)/σ(τ˜1) ∼ 3% is applied to our
sample point, the accuracy is estimated to be
∆ sin 2θτ˜/ sin 2θτ˜ ∼ 2%. (4.3)
From eqs. (4.1) and (4.3), the accuracy of the reconstruction of the stau contribution
to κγ is estimated. If the errors are summed in quadrature, the uncertainty is obtained as
∆κγ ∼ 0.5%, (4.4)
at the sample point, where δκγ = 3.6%. Note that the uncertainty of the measurement of
κγ is 1–2% from HL-LHC and ILC, as mentioned above. Since the reconstruction error is
comparable to or smaller than that of the measured κγ , it is possible to check whether the
stau is the origin of the excess of the Higgs coupling κγ . It is emphasized that this is a
direct test of the stau contribution to κγ .
In eq. (4.4), the error is dominated by the uncertainties of the heaviest stau mass
and the stau mixing angle. The former may be reduced by scanning the threshold of
the stau productions, as mentioned above. For instance, if we adopt ∆mτ˜2 ∼ 1GeV as
implied in ref. [31, 32], the error becomes ∆κγ ∼ 0.3%. On the other hand, the latter
uncertainty may be improved by studying the production cross section of τ˜1 and τ˜2 [11].
Since e+e− → τ˜1τ˜2 proceeds by the s-channel exchange of the Z-boson, its cross section
is proportional to sin2 2θτ˜ (see ref. [26] for the cross section). Thus, it is very sensitive
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to the stau mixing angle, and further, the accuracy is independent of the model point,
once the error of the production cross section is given. In the right panel of figure 3,
contours of δ sin 2θτ˜/ sin 2θτ˜ that is extracted from σ(e
+e− → τ˜1τ˜2) are shown. It is found
that the accuracy is independent of the input sin 2θτ˜ . Here, uncertainties from the mass
resolution are neglected. In particular, if the mass resolution of τ˜2 is large, the accuracy
of the mixing angle becomes degraded. Unfortunately, the accuracy of the measurement
of σ(e+e− → τ˜1τ˜2) has not been analyzed for ILC. Since sin 2θτ˜ is likely to be large to
enhance κγ , the cross section can be sizable. At the sample point, it is estimated to be
about 6 fb for
√
s = 500GeV with (Pe−, Pe+) = (−0.8, 0.3). It is necessary to study this
production process in future.
Let us comment on the tanβ dependence. At the sample point, tanβ = 5 is chosen.
Although the stau contribution to κγ includes tanβ, once the stau masses and mixing angle
are measured, the reconstruction of the Higgs coupling is almost insensitive to it. This is
because the stau left-right mixing parameter m2τ˜LR is determined by the measured masses
and mixing angle through eq. (2.4). It can be checked that, even if tanβ is varied, the
accuracy (4.4) is almost unchanged.
4.2 Discussions
Let us discuss miscellaneous prospects of the staus and theoretical uncertainties which have
not been mentioned so far.
First of all, let us consider the situation when the heaviest stau is not discovered at
the early stage of ILC, i.e., at
√
s = 500GeV. As found in section 3, if the excess of κγ
is measured at this stage, the lightest stau is already discovered. Then, it is possible to
determine the stau mixing angle by measuring the production cross section of the lightest
stau, as long as sin 2θτ˜ is sizable (see figure 3). From the measurements of mτ˜1 , θτ˜ and κγ ,
the mass of the heaviest stau mτ˜2 is determined. The predicted mass could be tested at
the next stage of ILC, e.g.,
√
s = 1TeV.
In order to demonstrate the procedure, let us consider a model point with mτ˜1 =
150GeV, mτ˜2 = 400GeV and sin θτ˜ = 0.54. At the point, the Higgs coupling is δκγ =
5.6%. At the early stage of ILC, it is expected that κγ is determined with the uncertainty
∆κγ ∼ 2%, and the lightest stau is measured with ∆mτ˜1 ∼ 0.1GeV and δσ(τ˜1)/σ(τ˜1) ∼ 3%.
The stau mixing angle is extracted from the cross section as ∆ sin 2θτ˜/ sin 2θτ˜ ∼ 2.5% (see
figure 3). Since δκγ is a function of mτ˜1 , mτ˜2 and θτ˜ , the mass of the heaviest stau is
determined with the accuracy ∆mτ˜2 ∼ 53GeV. Here, the largest uncertainty comes from
the measurement of the Higgs coupling. If the error is reduced to be ∆κγ ∼ 1% due
to reductions of the HL-LHC systematic uncertainties (see ref. [6]), ∆mτ˜2 ∼ 26GeV is
achieved. Such a prediction can be checked at ILC with
√
s = 1TeV. This result would
be helpful for choosing the beam energy to search for the heaviest stau at ILC. Once τ˜2 is
discovered, the stau contribution to the Higgs coupling can be reconstructed as section 4.1.
The uncertainty of the prediction of the heaviest stau mass depends on the model
point, especially the stau mixing angle. If mτ˜2 is larger, sin 2θτ˜ is likely to be smaller, as
expected from figure 2. The measurement of the stau mixing angle, then, suffers from a
larger uncertainty, and it becomes difficult to determine the mass of the heaviest stau.
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Next, let us mention extra contributions to the Higgs coupling from other SUSY parti-
cles. So far, they are suppressed because those particles are supposed to be heavy. However,
if the chargino, the stop or the sbottom is light, its contribution can be sizable [8, 21]. These
particles are searched for effectively at (HL-) LHC (see e.g., ref. [4, 5]).4 If none of them is
discovered, their masses are bounded from below, and upper limits on their contributions
to κγ are derived.
5 These extra contributions should be taken into account as a theoretical
(systematic) uncertainty in the analysis of δκγ .
In order to estimate the theoretical uncertainty, extra contributions to κγ are evaluated.
In particular, since the experimental bounds on the chargino mass are still weak, the
chargino contribution can be as large as the theoretical uncertainty. At the one-loop level,
the chargino contribution is given by [17, 18]
Mγγ(χ˜±) =
∑
i=1,2
2ghχ˜±
i
χ˜∓
i
mχ˜±
i
Ah
1/2(xχ˜±
i
). (4.5)
When the charginos are heavy, it is approximated as (c.f., ref. [21])
Mγγ(χ˜±) = 4
3
g2v sin 2β
M2µH − 14g2v2 sin 2β
. (4.6)
In the left panel of figure 4, contours of δκγ(χ˜
±) which is induced by the charginos are
displayed. Here we take M2 = µH . The contribution decreases as mχ˜±
1
or tanβ increases.
If the charginos are constrained to be heavier than 600GeV (1TeV), these contribution to
κγ is estimated to be smaller than 0.5% (0.2%) for tanβ > 2.
6 This is considered to be
a theoretical uncertainty. In addition, if either of the Wino or the Higgsino is decoupled,
δκγ(χ˜
±) is suppressed. Such a feature is observed in the right panel of figure 4, where µH
is fixed to be 250GeV for various tanβ.
The stop and the sbottom can also contribute to κγ sizably [8]. It should be noted that
they simultaneously modify the Higgs coupling to di-gluon. The coupling κg is measured
precisely at ILC at the (sub) percent levels [6, 7]. Thus, if deviations are discovered in κg
as well as κγ , it is interesting to study the contributions of the stop or the sbottom.
5 Conclusion
In this letter, the stau contribution to the Higgs coupling to di-photon was studied. The
coupling κγ will be measured at the percent levels by the joint analysis of HL-LHC and ILC.
Such precise measurements may enable us to detect effects of the new charged particles that
couple to the Higgs boson such as the stau. In this letter, we first studied the stau mass
region by taking the vacuum meta-stability condition into account. Consequently, we found
that, if the excess of κγ is measured to be larger than 4% at the early stage of ILC (
√
s =
4On the other hand, it is possible to determine tanβ by studying decays of staus, neutralinos or charginos
at ILC, if the Higgsinos are light [26, 32].
5If extra SUSY particles such as charginos are discovered, their contributions to κγ may be reconstructed.
6The chargino contribution is unlikely to dominate the contributions to δκγ , unless it is very light and
tanβ is small.
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Figure 4. Contours of the chargino contribution to the Higgs coupling δκγ(χ˜
±) are shown (left),
where the Wino mass M2 is equal to the Higgsino mass µH . The chargino contribution δκγ(χ˜
±) is
displayed for various tanβ (right), where µH is fixed to be 250GeV.
500GeV), the lightest stau is predicted to be lighter than about 200GeV. Such a stau can
be discovered at ILC. Also, it was shown that, if the excess of κγ is measured to be 1–2% by
accumulating the luminosity at 1TeV ILC, the lightest stau mass is bounded to be less than
290–460GeV. This stau is within the kinematical reach of ILC. Therefore, we concluded
that the stau contribution to κγ can be probed by discovering the stau, if the excess of κγ
is measured in the future experiments, and if it originates in the stau contribution.
Once the stau is discovered at ILC, its properties are determined precisely. In this
letter, we also studied the reconstruction of the stau contribution to κγ by using the
information which is available at ILC. It was estimated that the contribution can be re-
constructed at ∼ 0.5% at the sample point, which is comparable to or smaller than the
measured value of the Higgs coupling. Thus, it is possible to test directly whether the
excess originates in the stau contribution. Here, the measurement of the stau mixing angle
is crucial. We also argued that, if the stau mixing angle is measured at the early stage of
ILC, it is also possible to predict the heaviest stau mass, even when the heaviest stau is
not yet discovered at the moment. Therefore, the stau contribution to κγ can be probed
not only by discovering the lightest stau, but also by studying the stau properties.
Discoveries of new physics are the next target after the discovery of the Higgs boson.
The measurement of the Higgs couplings to di-photon is one of the hopeful channels to
search for the new physics. The stau contribution to the Higgs coupling could be probed
or tested in future colliders by following the analysis in this letter.
Acknowledgments
This work was supported by JSPS KAKENHI Grant No. 23740172 (M.E.) and 25-10486
(T.Y.). The work of T.Y. is supported in part by a JSPS Research Fellowship for Young Sci-
entists, and supported by an Advanced Leading Graduate Course for Photon Science grant.
– 13 –
J
H
E
P04(2014)139
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
References
[1] S. Gori and I. Low, Precision Higgs Measurements: Constraints from New Oblique
Corrections, JHEP 09 (2013) 151 [arXiv:1307.0496] [INSPIRE].
[2] ATLAS collaboration, Measurements of Higgs boson production and couplings in diboson
final states with the ATLAS detector at the LHC, Phys. Lett. B 726 (2013) 88
[arXiv:1307.1427] [INSPIRE].
[3] CMS collaboration, Combination of standard model Higgs boson searches and measurements
of the properties of the new boson with a mass near 125GeV, CMS-PAS-HIG-13-005 (2013).
[4] ATLAS collaboration, Physics at a High-Luminosity LHC with ATLAS, arXiv:1307.7292
[INSPIRE].
[5] CMS collaboration, Projected Performance of an Upgraded CMS Detector at the LHC and
HL-LHC: Contribution to the Snowmass Process, arXiv:1307.7135 [INSPIRE].
[6] M.E. Peskin, Estimation of LHC and ILC Capabilities for Precision Higgs Boson Coupling
Measurements, arXiv:1312.4974 [INSPIRE].
[7] D.M. Asner et al., ILC Higgs White Paper, arXiv:1310.0763 [INSPIRE].
[8] M. Carena, S. Gori, N.R. Shah and C.E.M. Wagner, A 125GeV SM-like Higgs in the MSSM
and the γγ rate, JHEP 03 (2012) 014 [arXiv:1112.3336] [INSPIRE].
[9] J.-J. Cao, Z.-X. Heng, J.M. Yang, Y.-M. Zhang and J.-Y. Zhu, A SM-like Higgs near
125GeV in low energy SUSY: a comparative study for MSSM and NMSSM,
JHEP 03 (2012) 086 [arXiv:1202.5821] [INSPIRE].
[10] M. Carena, S. Gori, N.R. Shah, C.E.M. Wagner and L.-T. Wang, Light Stau Phenomenology
and the Higgs γγ Rate, JHEP 07 (2012) 175 [arXiv:1205.5842] [INSPIRE].
[11] P. Bechtle, M. Berggren, J. List, P. Schade and O. Stempel, Prospects for the study of the
τ˜ -system in SPS1a’ at the ILC, Phys. Rev. D 82 (2010) 055016 [arXiv:0908.0876]
[INSPIRE].
[12] J.A. Casas, A. Lleyda and C. Mun˜oz, Strong constraints on the parameter space of the
MSSM from charge and color breaking minima, Nucl. Phys. B 471 (1996) 3
[hep-ph/9507294] [INSPIRE].
[13] R. Rattazzi and U. Sarid, Large tanβ in gauge mediated SUSY breaking models,
Nucl. Phys. B 501 (1997) 297 [hep-ph/9612464] [INSPIRE].
[14] R. Sato, K. Tobioka and N. Yokozaki, Enhanced Diphoton Signal of the Higgs Boson and the
Muon g-2 in Gauge Mediation Models, Phys. Lett. B 716 (2012) 441 [arXiv:1208.2630]
[INSPIRE].
[15] T. Kitahara, Vacuum Stability Constraints on the Enhancement of the h→ γγ rate in the
MSSM, JHEP 11 (2012) 021 [arXiv:1208.4792] [INSPIRE].
[16] M. Carena, S. Gori, I. Low, N.R. Shah and C.E.M. Wagner, Vacuum Stability and Higgs
Diphoton Decays in the MSSM, JHEP 02 (2013) 114 [arXiv:1211.6136] [INSPIRE].
– 14 –
J
H
E
P04(2014)139
[17] M.A. Shifman, A.I. Vainshtein, M.B. Voloshin and V.I. Zakharov, Low-Energy Theorems for
Higgs Boson Couplings to Photons, Sov. J. Nucl. Phys. 30 (1979) 711 [INSPIRE].
[18] J.F. Gunion, H. Haber, G. Kane and S.Dawson, The Higgs hunter’s guide, Westview Press,
(1990).
[19] T. Kitahara and T. Yoshinaga, Stau with Large Mass Difference and Enhancement of the
Higgs to Diphoton Decay Rate in the MSSM, JHEP 05 (2013) 035 [arXiv:1303.0461]
[INSPIRE].
[20] M. Endo, K. Hamaguchi, T. Kitahara and T. Yoshinaga, Probing Bino contribution to muon
g − 2, JHEP 11 (2013) 013 [arXiv:1309.3065] [INSPIRE].
[21] B. Batell, S. Jung and C.E.M. Wagner, Very Light Charginos and Higgs Decays,
JHEP 12 (2013) 075 [arXiv:1309.2297] [INSPIRE].
[22] Joint LEP 2 Supersymmetry Working Group collaboration, Conbined LEP Chagino
Results up to 208GeV,
http://lepsusy.web.cern.ch/lepsusy/www/inos moriond01/charginos pub.html.
[23] M. Endo, K. Hamaguchi and K. Nakaji, LHC Signature with Long-Lived Stau in High
Reheating Temperature Scenario, arXiv:1105.3823 [INSPIRE].
[24] H. Baer et al., Physics Case for the ILC Project: Perspective from Beyond the Standard
Model, arXiv:1307.5248 [INSPIRE].
[25] M.M. Nojiri, K. Fujii and T. Tsukamoto, Confronting the minimal supersymmetric standard
model with the study of scalar leptons at future linear e+e− colliders,
Phys. Rev. D 54 (1996) 6756 [hep-ph/9606370] [INSPIRE].
[26] E. Boos, H.U. Martyn, G.A. Moortgat-Pick, M. Sachwitz, A. Sherstnev and P.M. Zerwas,
Polarization in sfermion decays: Determining tanβ and trilinear couplings,
Eur. Phys. J. C 30 (2003) 395 [hep-ph/0303110] [INSPIRE].
[27] M. Endo, K. Hamaguchi, S. Iwamoto, T. Kitahara and T. Moroi, Reconstructing
Supersymmetric Contribution to Muon Anomalous Magnetic Dipole Moment at ILC,
Phys. Lett. B 728 (2014) 274 [arXiv:1310.4496] [INSPIRE].
[28] J.A. Aguilar-Saavedra, Supersymmetry parameter analysis: SPA convention and project,
Eur. Phys. J. C 46 (2006) 43 [hep-ph/0511344] [INSPIRE].
[29] Particle Data Group collaboration, J. Beringer et al., Review of Particle Physics (RPP),
Phys. Rev. D 86 (2012) 010001 [INSPIRE] and 2013 partial update for the 2014 edition.
[30] ATLAS collaboration, Search for electroweak production of supersymmetric particles in final
states with at least two hadronically decaying taus and missing transverse momentum with the
ATLAS detector in proton-proton collisions at
√
s = 8TeV, ATLAS-CONF-2013-028 (2013).
[31] P.D. Grannis, A run scenario for the linear collider, hep-ex/0211002 [INSPIRE].
[32] H. Baer et al., The International Linear Collider Technical Design Report - Volume 2:
Physics, arXiv:1306.6352 [INSPIRE].
– 15 –
